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Abstract 
The present study seeks to investigate sources of isotopic variability in the commonly 
used paleoclimate archive, the marine bivalve Arctica islandica, with an emphasis on the 
potential of human-induced variability arising from sampling techniques.  Stable carbon 
(
13
Ccarbonate) and oxygen (
18
Ocarbonate) isotopes were analyzed for split (intra-sample) and
replicate (intra- and inter-shell) samples taken from a group of laboratory-reared individuals, a 
natural population from northern Norway, and a natural population from the Gulf of Maine, 





respectively, among the natural populations, the mean difference between shell splits and shell 




O, respectively.  Our data suggest
that heterogeneity of the carbonate material (i.e., large range of isotopic composition within one 
sample due to seasonal environmental variability) may contribute to “unexpected” variability 
more than human-induced error from sampling imprecision when collecting whole annual 
increments.  Furthermore, 
13
C from juvenile shells were highly variable (2 standard deviation
= 0.65 ‰), approximately four times more variable than analytical precision. 
High precision among 
18
O measurements of the laboratory-reared shells confirm the
presumption that shells reliably and consistently precipitate in isotopic equilibrium with ambient 
seawater.  Monte Carlo simulations of measurements from this population allowed 
characterization of improvements in uncertainty at increasing levels of replication.  Substantial 
reduction in uncertainty occurs when increasing from two to three shells, however replication 
using a total of four shells further decreased uncertainty to within the 99% confidence level.  
Published studies sometimes compensate for uncertainties by replicating records over 
multiple individuals or multiple transects within the one individual.  Oftentimes, however, 
isotope records are constructed from single individuals or transects and therefore fail to provide 
thorough estimates of proxy error.  Our findings suggest that replication of carbon and oxygen 
isotope measurements of contemporaneously produced aragonite is necessary in order to reduce 
proxy-derived noise.  Furthermore, population-specific estimates of uncertainty related to natural 
variability among individuals should be investigated in order to provide more realistic 
representations of proxy noise when reporting isotope time series.   
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 Isotope replication of carefully sampled, contemporaneously produced material was 
found to be within analytical uncertainty, masking the potential influence of human 
imprecision during micromilling 
 Seasonal heterogeneity in isotopic composition is likely the primary cause of unexpected 
variability in contemporaneously produced carbonate records 
 Uncertainty in isotopic measurements is substantially reduced when data are replicated 
using at least four shells 
 Study-specific replication and error propagation are highly encouraged for all 
paleoclimate studies using isotope proxies 
 
1.  Introduction 
 The ability to construct high-resolution, centuries-long oxygen isotope records from 
biogenic proxy archives is a hallmark of sclerochronology and paleoclimatology.  Absolutely-
dated, annual to subannual oxygen isotope records collected from the long-lived marine bivalve, 
Arctica islandica (Fig. S1), for example, have become an increasingly valuable tool for 
understanding oceanographic variability and climate change over the past millennium (e.g., 
Schöne et al., 2005; Wanamaker et al., 2008; 2011; Reynolds et al., 2016).  By measuring and 
crossdating annual growth increment widths, shell growth chronologies allow construction of 
zero-error age-constrained isotope records unparalleled among most paleoclimate archives 
(Black et al., 2016).  Bivalves known to precipitate their shells in oxygen isotope equilibrium 
with ambient seawater (e.g., Epstein et al., 1953; Wanamaker et al., 2006; 2007), including A.  
islandica (see Weidman et al., 1994) are assumed to reliably preserve 
18
Ocarbonate records that 
reflect the combined signal of seawater temperature and isotopic source signal (
18
Owater) during 
biomineralization.  Combined error (or total error) associated with analytical uncertainty, 
paleotemperature transfer functions, and geochemical variability inherent within proxy archives, 
however, is rarely reported or investigated in the literature.  
 Most studies report error associated with isotope records as that of analytical uncertainty, 
typically in the range of ± 0.08 ‰ for 
13
C and 0.10 ‰ for 
18
O (i.e., ± 1 standard deviation, 1, 
based on long-term performance of isotopic standards).  For this study, we consider the 2 range 
of analytical uncertainty in order to increase the coverage of the data distribution (e.g., ±0.16 ‰ 
for 
13
C and ±0.20 ‰ for 
18
O).  Recent work has shown that the reproducibility of 
18
O records 
from contemporaneously produced biogenic carbonate may be somewhat larger than typical 
analytical uncertainty.  In constructing a 112-year oxygen isotope chronology with maximum 
replication of six shells per year, Mette et al. (2016) found mean variability of 0.32 ‰ in annual 

18














constructing a 1,049-year A. islandica 
18
Ocarbonate record and including some split samples (a 
single sample split into two analyses), Reynolds et al. (2016) reported variability of 0.40 ‰ 
(personal communication).  In a 267-year A. islandica 
18
O record, Whitney et al. (personal 
communication) found variability of 0.42 ‰.  Whether this variability arises from natural 
heterogeneity among samples, sampling artifacts (e.g. Yamanashi et al., 2016), or a combination 
of both of these sources remains an open question.  To date, this “unexpected” 
18
O variability, 
larger than that of typical analytical uncertainty, has not been fully investigated.   
 Sample replication is generally recommended for paleoclimate proxies as a means to 
reduce error associated with proxy noise in isotopic composition among individual 
specimens/samples (e.g., corals - Stephans, 2004, Suzuki et al., 2005, DeLong et al., 2013; 
otoliths - Darnaude et al., 2014; speleothems - Denniston et al., 2013; trees - Loader et al., 2013; 
bivalves - Gillikin et al., 2005, Yamanashi et al., 2016).  Less focus has been placed on the 
component of isotopic variability related to human error involved in isotope sampling.  Bivalve 
shell growth generally follows a negative exponential trend.  As the animals age, decreasing 
growth rate, and thus, increment width, increases the difficulty and precision required of 
geochemical sampling at annual resolution.  Constructing annual to subannual 
18
O records from 
A. islandica shells (Schöne et al., 2005; Wanamaker et al., 2011), therefore, typically requires the 
use of a computer-automated micromill to collect samples.  While the process of micromilling is 
largely automated, the human operator uses a software interface to delineate the desired sample 
to be milled, for example, targeting one year of growth (Fig. S1).  The powdered sample 
produced may be greatly in excess of what is needed for isotopic analysis, requiring the operator 
to ensure the sample is well-homogenized before portioning out between a (typically) 50 and 300 
µg aliquot for analysis.  As increments become smaller in width, the user may choose to mill 
deeper into the sample cross-section to obtain enough sample powder.  The shape of the drill bit 
and the geometry of the growth increment below the visible surface layer may impart additional 
bias into sampling.  Because the growth rates of many organisms vary throughout the year, 
accidental exclusion/inclusion of late- or early-year material from a neighboring growth 
increment may skew the isotopic values.  This can be further complicated by between-shell 
differences in total increment width, even in well-crossdated chronologies with high inter-series 
correlation.  Human-induced sources of variability in the isotopic signature can thus be 
summarized as follows: 1) poorly homogenized sample powder, 2) inconsistent delineation of 
increment boundaries, and 3) inclusion (exclusion) of sample from outside (inside) the targeted 
increment at depth.  Quantifying the amount of error attributable to the skill and biases of the 
micromill operator (or hand-sampler) is important in fully understanding the natural isotopic 
variability in biogenic archives.   
 Research, to date, has largely focused on uncertainties and induced error associated with 
isotope exchange and potential alteration of aragonite to calcite during sampling and analysis 
(Foster et al., 2008; Gill et al., 1995; Tobin et al., 2011; Waite and Swart, 2015; Staudigel and 
Swart, 2016).  This problem may be moderated by optimizing depth per pass, pass speed, plunge 














however, many studies fail to find a consistent relationship between these parameters and the 
aragonite-calcite conversion rate or measured 
18
O (Foster et al., 2008; Waite and Swart, 2015).  
These problems represent a different source of induced error in isotope sampling and analysis in 
contrast to the sources investigated here.  The present study seeks to investigate the 
reproducibility of isotope records from A. islandica by testing the hypothesis that “unexpected” 
isotopic variability in contemporaneously produced aragonite within or between shells is 
influenced by human-induced imprecision during microsampling.  Implications are discussed for 
A. islandica and other taxa representing archives with exceptional age-control. 
 
 
2.  Materials and Methods 
 
2.1 Shell materials and sampling 
 Three populations of A. islandica shells were used in this study (Table 1): shells collected 
from Northern Norway (“NOR”) in an approximately 300m x 300m area of a shallow bay (6m 
depth) off the island of Ingøya in 2015 using a custom bespoke dredge (see Mette et al., 2016), 
from the Gulf of Maine (USA) near Jonesport, Maine (“GoM_JP”) at mid-depth (80m) using a 
commercial dredge (see Beirne et al., 2012 for additional details), and a collection of GoM_JP 
juvenile clams reared at constant temperature in a laboratory for a proxy calibration study 
(“GoM_C”). 
  For the present study, three NOR individuals aged 25, 28, and 29 years and three 
GoM_JP individuals aged 44, 56, and 56 years at the time of collection were bisected along the 
maximum growth axis, embedded in clear epoxy, and bisected again to produce two mirror-
image shell blocks, A and B (i.e., GoM_JP1A, GoM_JP1B, NOR1A, NOR1B, etc.).  Polished 
blocks were then mounted on a Merchantek micromill with a Leica GZ6 microscope capable of 
10 µm steps.  Whole annual increments were milled over a decade of target increment-years 
from both blocks of each shell (Fig. S1) using a Brasseler USAVR round carbide drill bit with 
diameter 300 µm (item #H52.11.003).  Milling parameters were kept relatively constant among 
samples with 4 to 5 passes at 75-100 µm depth per pass, 55 µm/sec scan speed, 55 µm/sec 
plunge speed, and 100% drill power.  The target sample size for analysis was 250-500 µg for 
shell samples.  If more than 500 µg of sample powder was collected, the quantity was split and 
run as two or more analyses (i.e, “splits”). 
 The group of juvenile (3-year-old) GoM_C clams was reared in a flowing seawater 
system at the Darling Marine Center (Walpole, Maine, USA).  Complete details on the culture 
experiment are given in Wanamaker and Gillikin (this issue), however, a brief description is also 
provided here.  Clams were exposed to ambient food and salinity (31.00 ± 0.93, ±2) conditions 
but kept at a constant temperature (15.00 ± 0.56 °C, ±2) for 69 days.  Average shell growth 
during this period was 3.2 mm (n=30), suggesting an average daily growth rate of 0.046 mm/day.  
For the present study, 37 shells were sampled by hand-milling the outermost ~0.4mm of the shell 













bit (item #835.11.010). For each shell, two samples of between 250-300 µg were portioned out 











Age of shell in 
year of harvest





























through _TC46 (see text, section 2.1) 2011 3 3
Table 1.  Shell material sampled for this study.  Ingøya, Norway and Jonesport, Maine are located at 71°03.734’N, 
24°05.895’E and 44°26.164’N, 67°26.301’W, respectively. 
2.2 Isotopic analysis 





O on a ThermoFinnigan Delta Plus XL mass spectrometer coupled
with a GasBench II and CombiPal autosampler.  Powder samples were transferred to round 
bottom 12 mL borosilicate Labco Exetainer vials and flushed with helium gas.  A 0.1 mL aliquot 
of pure phosphoric acid (>99%, Acros Organics with phosphorus pentoxide; J.T. Baker) was 
added to the vials at 34°C and allowed to equilibrate for at least 16 hours (Fig. S2).  National 
Institute of Standards and Technology standard reference materials NBS19 and NBS18 were 
used for regression-based isotopic corrections and to assign the data to the appropriate isotopic 
scale.  At least one of each reference standard was used for every six samples.  In total, no more 
than 40 samples were run per batch (not including standards).  The long-term precision, based on 





(2).  The analytical uncertainty based on standards corrections across the nine sample batches 
performed for this study was slightly larger than long-term precision, averaging ±0.17 ‰ and 




O, respectively (2).  Among all runs, only one NBS19 standard was
omitted from the corrections procedure because it was identified as an outlier (measured 
18
O
value was >8 standard deviations from the mean of the five other within-run NBS19 standards). 
2.3 Statistical Analyses and Temperature Estimates from Cultured Shells 
For analysis of sample splits from all populations (i.e., intra-sample variability), where 
n=2 (and in few cases, 3 or 4), the average (median and mean) of absolute differences between 
sample splits ‘1’ and ‘2’ measurements was used as a metric for comparison with analytical 
uncertainty.  Similarly, for intra-shell analysis between blocks A and blocks B of the natural 
population shells (GoM_JP and NOR), the average (median and mean) of absolute differences 
between block replicate measurements was used.  To assess inter-shell variability in isotopic 
composition among the GoM_JP shells, where two transects (referred to as blocks A and B) of 














“baseline.”  The absolute difference of each shell series from this baseline was taken to create a 
time series of residuals for each shell block.  The average (median and mean) value of residuals 
from the baseline for each shell block was then compared with analytical uncertainty.  The same 
approach was used to compare inter-shell variability among the NOR individuals.  To simplify 
the analysis and prevent artificial reduction of variability, only “split 1” samples were used for 
intra-shell and inter-shell analyses.   
 For the GoM_C shells, the 2 standard deviation of replicated shell isotopic 
measurements was compared with analytical precision.  Standard deviation was calculated for 
the “split 1” group, “split 2” group, and average between splits of shell replicates.  Isotopic 
measurements from the GoM_C shells were additionally used to assess number of shell 







estimates obtained using a common aragonite transfer function (Eq.  1; modified Grossman and 
Ku, 1986; for details regarding the modification, see Dettman et al., 1999; Gonfiantini et al., 
1995).  
18
Owater (-1.45 ‰) was estimated using a fixed salinity of 31.68 for the last nine days of 
the culture experiment and the western Gulf of Maine salinity-isotope mixing line of Whitney et 
al. (2017; see supplementary materials). 
 




Owater - 0.27))      (1) 

18
Owater = 0.20 × salinity – 7.79         (2) 
 







Oshell-derived temperature measurements from the GoM_C shells.  
This strategy allows us to test how the precision at various levels of replication compares to the 
precision using all 37 original shell measurements.  For each level of replication (n=2 replicates 
to n=37 replicates), random sampling without replacement was repeated for 50,000 iterations 
using Matlab.  For example, at n=3, the software randomly draws three values out of the parent 
set of 37, one at a time, without replacing the value previously drawn, such that within any of the 
50,000 sets of three, no two values are duplicated.  This simulates the task of sampling three 
different shells 50,000 times.  The standard deviation of the three values is then obtained for each 
of the 50,000 samples.  The standard deviation of the set of 50,000 sample standard deviations is 
referred to here as the standard error.  Additionally, a p-value is obtained by dividing the number 
of sample standard deviations larger than the 2 standard deviation of the parent set by the total 
number of sample standard deviations (50,000).  The Monte Carlo analysis was performed for 
each of four parent sets of measurements: split 1 (2=0.69 ‰, 0.30 ‰), split 2 (2=0.64 ‰, 




O, respectively) and the 
mean 
18
Oshell-derived temperatures (2=1.18 °C).  
 
 















3.1 Sampled Shell Material 
 The GoM_C shells were sampled from the final year of growth, 2011, resulting in a total 
of 37 sets of replicates used for analysis of inter-shell replication (Table 2).  The amount of 
powder collected was large enough for split analysis of all samples (Fig. S4), however, split 2 
from GoM_C2 was compromised during analysis.  The remaining 36 sets of sample splits were 
used for statistical summary (Fig. 1). 
 The GoM_JP shells were sampled over the common period 1986-1995 (Fig. 2, left; n 
years = 10 × 3 = 30).  Sample GoM_JP1A, year 1989 was compromised during analysis.  
18
O 
for sample GoM_JP3B, year 1994 was found to be >5 standard deviations from its sample group 
mean and excluded from further analysis.  In total, 28 sets of GoM_JP sample replicates were 
used in statistical summary and analysis.  Because only two pairs of sample splits were analyzed 
for the GoM_JP shells, they were excluded from comparison with sample split statistics of the 
other populations.   
 The NOR shells were sampled over the common period 2003-2012 (Fig. 2, right).  The 
NOR shells were also sampled prior to and after this period where increment size and clarity 
allowed.  NOR_1 and NOR_2 were sampled from 1994-2012 (n years = 19) and 1999-2013, 
respectively.  NOR_3 was sampled from 2000-2014, but 2001 and 2002 were sampled together 
and treated as 2001.5 (n years = 14).  Sample NOR_2, year 2005 was compromised during 
analysis.  In total, 47 sets of NOR sample replicates were used in statistical summary and 
analysis.  The amount of powder collected was large enough for split analysis on 28 samples 
(Fig. S4).  Data from outside the common period were included in summary and analysis of 
intra-shell replication and sample splits (Fig. 1B; also see Supplementary Information Fig. S3), 
however, data from the common period only are used for statistical analysis of inter-shell 







C values of the GoM_C shell samples ranged from 0.89 ‰ to 2.44 ‰ (mean = 
1.91 ‰, 2 = 0.66 ‰).  All 36 sets of sample splits fell within the ±2 estimate of analytical 
uncertainty (Fig. 1A).  The 
13
C values of the GoM_JP and NOR shell samples ranged from 0.86 
‰ to 2.25 ‰ (mean = 1.47 ‰, 2 = 0.73 ‰) and from 0.86 ‰ to 2.90 ‰ (mean = 1.65 ‰, 2 = 
1.05 ‰), respectively.  For the GoM_JP shells, one of 28 (4%) sets of sample replicates fell 
outside the ±2 estimate of analytical uncertainty (Fig. 1B).  For the NOR shells, none of 47 sets 
of sample replicates and four of 28 (14%) sets of sample splits fell outside the ±2 estimate of 
analytical uncertainty (Fig. 1B).  Regression slopes significantly different from zero (at the 95% 
confidence level) were found for 
13
C series from GoM_JP1B, GoM_JP3B, NOR_1A, and 







O values of the GoM_C shell samples ranged from -0.82 ‰ to -0.04 ‰ (mean = -














uncertainty (Fig. 1A).  The mean 
18





Owater (-1.45 ‰; based on salinity from the last 9 days of the culture experiment) 
measured 14.95 °C (see Supplementary Information, Table 1).  The 
18
O values of the GoM_JP 
and NOR shell samples ranged from 1.14 ‰ to 2.71 ‰ (mean = 2.15 ‰, 2 = 0.30 ‰) and from 
1.94 ‰ to 3.83 ‰ (mean = 2.88 ‰, 2 = 0.69 ‰), respectively.  For the GoM_JP shells, three of 
28 (11%) sets of sample replicates fell outside the ±2 estimate of analytical uncertainty (Fig. 
1B).  For the NOR shells, 10 of 47 (21%) sets of sample replicates and four of 28 (14%) sets of 
sample splits fell outside the ±2 estimate of analytical uncertainty (Fig. 1B).  Regression slopes 
significantly different from zero (at the 95% confidence level) were found for 
18
O series 
GoM_JP1B, GoM_JP2B, NOR_1A, and NOR_2A (Fig. 2B).  The temperature estimates from 

18
O of the GOM_C shell samples ranged from 13.52 °C to 15.97 °C (mean = 14.71 °C, 2 = 
1.18°C) (Supplementary Information, Table 1).  
 
 
Group 2 13C (‰) (n) 2 18O (‰) (n)  
GoM_C inter-shell replicates 
 
split 1 = 0.69 (37) 
split 2 = 0.64 (36) 
mean of splits = 0.65 
split 1 = 0.30 (37) 
split 2 = 0.30 (36) 
mean of splits = 0.27 
Analytical Precision (2) 0.17  0.30  
Table 2.  Isotopic variability of GoM_C shell samples.   
 
Group (n pairs) Mean (median) 13C difference (‰)  Mean (median) 18O difference (‰)  
GoM_C intra-sample splits (37) 0.09 (0.07) 0.10 (0.08) 
NOR intra-sample splits (28) 0.17 (0.14) 0.28 (0.23) 
NOR intra-shell replicates (47) 0.13 (0.11) 0.33 (0.24) 
GoM_JP intra-shell replicates (28) 0.12 (0.12) 0.27 (0.22) 
Analytical Precision (2) 0.17 0.30  
Table 3.  Isotopic variability of within-shell replicate and split samples from all populations.   
 
Group (n pairs) Mean (median) 13C residual (‰)  Mean (median) 18O residual (‰)  
NOR inter-shell replicates (60) 0.12 (0.08) 0.22 (0.18) 
GoM_JP inter-shell replicates (60) 0.29 (0.32) 0.20 (0.16) 
Analytical Precision (2) 0.17 0.30 





















2 0.064 0.42 0.048 0.16 0.047 0.70 
3 0.043 0.34 0.017 0.12 0.016 0.53 
4 0.003 0.29 0.001 0.10 0.001 0.44 














6 0 0.23 0 0.08 0 0.34 
Table 5.  Summary of analysis between number of shell replicates (sample size) and significance estimates based on 
standard error. 
 
4.  Discussion 
 
4.1 Culture Experiment 
 The GoM_C shell sampling design represents an ideal scenario for reproducing what 
should be nearly identical isotope records.  Sources of variability are reduced because the 
sampled shell material was deposited under highly controlled temperature conditions (69 days at 
15.00 ± 0.56 °C, ±2), variability in other environmental parameters (food, salinity) was 
identical between shells, and the material sampled represents a period of time shorter than the 
length of the culture experiment (i.e., is not contaminated by material deposited before the 
beginning of the experiment when shells were living in the natural environment).  Isotopic 
variability among replicated samples should, therefore, primarily reflect analytical uncertainty.  
If variability within analytical uncertainty cannot be achieved, we would suspect vital effects to 
be influencing isotopic composition.   
 Inter-shell 
13
C variability for the GoM_C shells measured 0.65 ‰ (2, mean between 
splits; Table 2), compared to 2 analytical uncertainty of 0.17 ‰ for 
13
C.  The unexpected and 
relatively large variability in 
13
C values between individuals, in this case, is hypothesized to 
arise from vital effects during early ontogeny (for example, see Butler et al., 2011 and Reynolds 
et al., 2017).  Beirne et al. (2012) found that both juvenile and adult A. islandica clams 
incorporated ~10% of metabolic carbon into their shells, however, a positive relationship 
between juvenile (2-3 year old) growth rates and 
13
C values was found during the spring bloom 
period (March-May; r
2
 = 0.23; p < 0.012). Reynolds et al. (2017) suggest younger individuals, 
like the ~3 year-old GoM_C shells, tend to record inconsistent 
13
C values potentially due to 
variable incorporation of metabolic carbon induced by highly variable growth rates.  Variability 
of inter-shell 
18
O measurements (0.27 ‰), however, was within analytical precision for 
18
O 
(0.30 ‰).  Variability in both 
13
C (0.09 ‰) and 
18
O (0.10 ‰) for GoM_C sample splits were 
also well within analytical uncertainty (Table 3). 
 Analysis of the GoM_C isotopic measurements support the hypotheses that A. islandica 
shells growing in the same environment record consistent oxygen isotopic information in their 
carbonate structures (e.g., Mette et al., 2016) and that, between individuals, carbon isotope 
values are more variable at young ages (Butler et al., 2011; Reynolds et al., 2017).  The range of 
temperatures derived from the 
18
O values (13.52 to 15.97 °C) is larger than the range of 
temperatures in which the shells were grown (14.95 ±0.06 °C, last nine days).  However, 









in terms of temperature) of analytical uncertainty (±1.31 °C, 2), the salinity-isotope mixing 
model (± 1.26 °C; based on root mean squared error [RMSE] of 0.29 ‰ calculated using data 














all aragonite data and associated temperature model of Grossman and Ku; Eq. 1), assuming 
negligible 
18
Owater variations during the nine day sampling interval, the derived temperatures are 
within range of the growing environment temperatures (14.95 ± 2.28 °C).   
 The high precision achieved between 
18
Oshell sample replicates and splits from the 
GoM_C population confirms our understanding that A. islandica consistently preserves oxygen 
isotopic information in its shell structure and our underlying hypothesis that shells are 
precipitated in oxygen isotopic equilibrium with ambient seawater (see also Wanamaker and 
Gillikin, this issue).  Carbon isotope data from juvenile A. islandica shells, however, should be 
treated with caution until potential physiological processes can be more fully investigated.  An 
updated and detailed discussion of interpreting A. islandica 
13
C records is provided by Reynolds 
et al. (2017).  The Monte Carlo analysis of GoM_C shells at various sample sizes (i.e., number of 
replicates) revealed replication with a minimum of two to three shells yields results robust at the 
95% confidence level.  Exceptional reduction in error (to the 99% confidence level) is achieved 
with replication using a minimum of four shells.  We recognize that shells from the culture 
experiment represent “ideal” conditions for paleothermometry applications.   
 
 
4.2 Isotopic Variability from Natural Collections 
 
4.2.1. Intra-sample and Intra-shell comparisons 
 Having verified that A. islandica shells grow in oxygen isotopic equilibrium with 
seawater (i.e., variability in 
18
O is likely not related to vital effects), the GoM_JP and NOR 
shells offer a testing ground for assessing both the skill of the micromill operator and the 
reproducibility within and between shells from each naturally variable (noisy) environment.  
Within shells (intra-shell), blocks A and B are expected to produce near identical isotope records.  
Between accurately identified annual markers, whole increment geometry varied little between 
shell blocks as they represent material a maximum of 5 mm apart on the whole shell.  By using 
the same milling parameters between blocks and using near identical path dimensions and 
orientations, any alteration of aragonite to calcite during the sampling process likely occurred to 
the same extent on both blocks.  Variability between blocks A and B should, therefore, primarily 
reflect the combined effects of analytical uncertainty and inaccuracy/imprecision of the 
micromill operator in tracing annual increment boundaries.  If variability within analytical 
uncertainty cannot be achieved, we would suspect that sampling imprecision is a significant 
contributor to observed unexpected variability in isotope records.  Furthermore, because analysis 
of sample splits is not influenced by inaccuracy/imprecision of the sampler, average difference 
between sample splits is expected to be well within analytical uncertainty and analogous to the 
ideal scenario (i.e. the GoM_C shells) for reproducing what should be nearly identical isotope 
records. 
 Average differences (Tables 2 and 3) between the cultured population GoM_C sample 
splits (intra-sample) for both 
13
C (0.09 ‰) and 
18














population mean differences between NOR splits (intra-sample; 
13
C = 0.17 ‰, 
18
O = 0.28 ‰), 
NOR replicates (intra-shell; 
13
C = 0.13 ‰, 
18
O = 0.33 ‰), and GoM_JP replicates (intra-shell; 

13
C = 0.12 ‰, 
18
O = 0.27 ‰).  Although the average differences between sample replicates for 
both natural populations (GoM_JP and NOR) are within 2 analytical precision, several replicate 
pairs fall outside the ±2 range; one of 75 pairs (1.3%) of 
13
C replicates and 13 of 75 pairs 
(17.3%) of 
18
O replicates did not have overlapping 2 analytical error bars (Fig. 1B).  Mean 




O are comparable to 
mean differences between sample replicates of the NOR and GoM_JP shells (Table 3).  We 
hypothesize that inherent isotopic heterogeneity in carbonate material precipitated in 





inorganic carbon (DIC)) plays a larger role in unexpected variability in isotopic measurements than 
imprecision in micromilling or other sample processing artifacts because 1) the performance of 
sample splits from the cultured population (GoM_C) is better than that of sample splits from the 
natural population (NOR), both of which are immune to the effects of milling imprecision and 2) 
the performance of sample splits from the natural population (NOR) is comparable to that of 
sample replicates from both natural populations (NOR and GoM_JP).   
 
4.2.2 Inter-shell comparisons 
 We would also expect near identical isotope records between shells (inter-shell) because 
all individuals experienced the same environmental conditions within their local growing 
environments.  Inter-shell comparison provides a more realistic scenario relevant to producing 
isotope proxy time series, as researchers typically only sample a subset of the shell collection due 
to time, cost, and sample constraints.  Multiple shells from the same population are often used to 
build a lengthy record, with overlap of shell isotope time series (i.e., replication) where sample 
availability and quality allow or where intentionally performed (e.g., Mette et al., 2017; 
Reynolds et al., 2016).  Isotopic variability between shells should reflect the combined effects of 
analytical uncertainty and inaccuracy/imprecision of the micromill operator in tracing annual 
increment boundaries.  Inter-shell isotopic variability, however, may also be more susceptible to 
other potential sources of noise, including differences in growing season among individuals or to 
spatial heterogeneity of water properties if the site is near freshwater input or other dynamical 
factors such as frontal boundaries. 
 Among the natural populations, the average inter-shell difference (residual from baseline; 
Table 4) in 
13
C for the GoM_JP shells (0.29 ‰) was larger than that of the NOR shells (0.12 
‰) and of analytical uncertainty (0.17 ‰).  Overall, 31 of the 60 GoM_JP samples (52%) and 
only one of the 60 NOR samples (2%) did not have overlapping ±2 error bars with the group 
average.  While larger than expected variability in 
13
C for GoM_C shells (0.65 ‰) may be 
attributed to vital effects associated with ontogeny (previously discussed), larger than expected 

13
C variability for GoM_JP shells is more difficult to explain, especially considering the better 














GoM_C shells but much younger than the GoM_JP shells (Table 1).  These findings highlight 
the complexity in the carbon isotopic system and warrant future research.   
 The average inter-shell 
18
O difference (residual from baseline; Table 4) for the GoM_JP 
shells (0.20 ‰) and NOR shells (0.18 ‰) were both within analytical uncertainty (0.30 ‰).  
Overall, 1 of the 60 GoM_JP samples (2%) and two of the 60 NOR samples (3%) did not have 
overlapping ±2 error bars with the group average.  Because inter-shell replication performed 
within analytical uncertainty (with the exception of GoM_JP 
13
C measurements), we cannot 
detect the influence of imprecision in micromilling or other sample processing artifacts on 
unexpected variability in isotopic measurements. 
 
4.2.3 Population-specific influences on isotopic signature 
 As previously discussed, the significantly greater mean difference between NOR splits 
(natural population; 0.17 ‰ for 
13
C and 0.28 ‰ for 
18
O) compared to GoM_C splits (cultured 
population; 0.09 ‰ for 
13
C and 0.10 ‰ for 
18
O) likely reflects the differences between 
biomineralization in a naturally variable (noisy) environment compared to biomineralization in a 
highly controlled environment.  The isotopic range preserved within growth increments in any 





Cfood are the primary controls on 
13
Ccarbonate, however, ranges of these parameters in the 
natural populations’ (NOR and GoM_JP) growing environments are currently unknown.  
Monthly seawater temperatures in the NOR environment average between 2.9 °C and 10.7 °C 
(seasonal range of 7.8 °C; measured in situ from 2012-2016).  Monthly 
18
Owater values average 
between -0.13 ‰ and -0.43 ‰ (seasonal range of 0.30 ‰; based on salinity measured in situ and 
translated to 
18
Owater using a local mixing relationship developed by Mette et al., 2016).  
Unpublished data for NOR shells associated with the Mette et al. (2016) study show an average 
subannual range of 0.93 ‰ for 
13
Ccarbonate and 1.37 ‰ for 
18
Ocarbonate based on 10 years of eight 
samples per year (both ranges are likely dampened due to the effects of time averaging, even 
over finely subsampled material).  The measured 
18
Ocarbonate range equates to a temperature 
range of 5.94 °C assuming negligible 
18
Owater variations (±1.30 °C assuming maximum 
opposing influence from 
18
Owater variation of 0.30 ‰).  Similar subannual isotopic ranges have 
not yet been established for the GOM_JP shells.  However, instrumental data from the 
NERACOOS Buoy I (representing the nearest available data at depth; 
http://gyre.umeoce.maine.edu/) indicate monthly seawater temperatures averaging 2.54 °C to 
11.91 °C (seasonal range of 9.37 °C; measured at 50 m depth from 2002-2016).  Monthly 

18
Owater values average between -1.22 ‰ and -0.80 ‰ (seasonal range of 0.42 ‰; based on 
salinity measured in situ and translated to 
18
Owater using a local mixing relationship developed in 
Whitney et al., 2017).  Although these temperature and salinity ranges likely differ slightly from 
those in the GoM_JP growing environment (60 km northeast of the NERACOOS Buoy at 80 m 
depth), we predict an average annual range in 
18
Ocarbonate of less than 2.74 ‰ (calculated using 
the seasonal average temperature and 
18
















Oshell ranges measured for the NOR shells (>1.37 ‰) and predicted for the 
GoM_JP shells (<2.74 ‰) are much larger than analytical uncertainty (0.30 ‰).  Thus, inherent 
seasonal variability in water properties imparts an isotopic signal within the annual shell sample 
that contributes to variability between inter- and intra-sample splits and replicates from natural 
populations (NOR and GoM_JP) larger than that of the temperature controlled samples 
(GoM_C). 
 Another factor that may influence natural population inter-shell variability in isotope 
records is differences in growing season among individuals.  If the growing season commences 
several days to weeks earlier in the spring and/or terminates later in the fall/winter for some 
individuals, the shell material accumulated during those periods would record higher 
18
O values 
(e.g., colder temperatures) and potentially biased 
13
C values.  In addition, if shell growth rates 
throughout the year were variable within a population (perhaps due to reproductive or other 
metabolic demands), we would also expect some potential bias in isotope records.  However, 
because inter-shell replication performed similarly to sample splits, we may cautiously 
hypothesize that variable growing seasons are not largely influencing unexpected isotopic 
variability.  Recent work by Ballesta-Artero et al. (2017) suggests, indeed, that shells from the 
NOR population record the same gaping activity patterns throughout the year, strongly indicating 
similar growing seasons between individuals. 
 
4.3 Potential Isotopic Biases during Measurement 
 Another possible source of “unexpected” variability between both sample replicates and 
sample splits is oxygen isotope fractionation occurring during phosphoric acid digestion of the 
carbonate material to form gaseous CO2, necessary for isotopic analysis using mass spectrometry 
(McCrea, 1950).  Isotopic fractionation occurs due to incomplete transfer of the oxygen in the 
solid carbonate to CO2.  This fractionation results in the CO2 product having a higher 
18
O than 
the original carbonate (Kim et al., 2007).  Such fractionation does not theoretically occur with 
carbon isotopes because all the carbon in the carbonate is completely transformed into CO2 
during acid digestion (Kim and O'Neil, 1997).  While this fractionation is presumably accounted 
for by the use of standards and the inclusion of a temperature dependent fractionation factor 
during isotopic analysis (Kim et al., 2007), the isotopic standards and associated fractionation 
factors are based on calcitic materials.  Because no community-recognized aragonitic standards 
currently exist, the fractionation occurring during acid digestion may not be fully accounted for 
(Kim et al., 2015).  However, while all samples processed for this study underwent acid 





O than the shells collected from natural environments.  This strongly indicates that 
acid digestion is likely not the cause of the “unexpected” variability. 
 
 














 Variability in carbon and oxygen isotopic measurements was quantified among 
contemporaneously produced carbonate material for each of two natural populations.  Variability 
between sample splits (i.e., single samples split into two analyses), was found to be larger than 
expected, and importantly, comparable to that of inter-shell and intra-shell replicates.  Although 
these analyses showed variability larger than that of long-term analytical precision, most 
analyses were generally within the maximum estimate of analytical uncertainty used in this 
study.  Variability in 
18
O composition of shells grown in a temperature-controlled environment, 
however, was found to be well within long-term analytical precision of the mass spectrometer 
and substantially lower than the estimate of analytical uncertainty used in this study.  Between 
individuals, the 3-year-old cultured shells were more variable in 
13
C composition, suggesting 
vital effects during early ontogeny. 
 Our results suggest potential variability in individual growing season, 
inaccuracy/imprecision in micromilling, and oxygen isotope fractionation/exchange during acid 
digestion are not significant contributors to “unexpected” isotopic variability among replicated 
aragonite samples from A. islandica.  We suggest that precise drilling of annual shell growth 
increments was achieved largely because differences in measurements were comparable between 
sample replicates (susceptible to sampling error) and sample splits (not susceptible to sampling 
error).  Heterogeneity in the sample shell powder due to large seasonal variability in seawater 
temperature and 
13
CDIC is likely the primary source of the unexpected variability. 
 Analysis of the GOM_C cultured shells suggests that sample replication of two to three 
shells is adequate for 
18
O thermometry (95% confidence level); however results robust at the 
99% confidence level were found at a sample size of four shells.  These results were generated 
from an ideal culture experiment, thus, more replication may be needed to achieve similar 
confidence levels when producing isotope records from natural populations.  The 
13
C data from 
the culture experiment showed greater than expected variability, likely due to vital effects 
associated with ontogeny; therefore, 
13
C data from juvenile A. islandica individuals must be 
used with caution. 
 
6. Recommendations 
 While significant advances in analytical precision and proxy methods have been made to 
reduce error in isotopic measurement of carbonate archives, the natural variability in such 
archives should not go unreported.  Isotopic replication should be performed in environments 
specific to each study to contribute to community-wide understanding of isotopic variability 
among contemporaneously produced biogenic carbonates.  Thus far, 
18
Oaragonite records from A. 
islandica show 2 variability for replicates ranging from 0.32 ‰ to 0.42 ‰ (Mette et al., 2016; 
Reynolds et al., personal communication; Whitney et al., personal communication).  We suggest 
the use of larger error estimates than the typically reported long-term analytical uncertainty 
(often about ±0.20 ‰ at 2) when presenting 
18
Oaragonite records, especially from A. islandica.  
Based on the results from this work and from the developing literature on this topic, we suggest 














possible.  When considered in the context of the published 
18
Oaragonite record from Mette et al., 
2016 (Fig. 3), even when the larger range of uncertainty (± 0.32 ‰, equivalent to 1.39 °C 
assuming negligible 
18
Owater variations) is plotted, detectable climate signals are still apparent 
and significant.
 
 Although it is not yet commonplace to replicate geochemical records in 
paleoclimatology, we suggest replication is an essential step toward providing well-constrained 
and robust data, allowing users to quantify total uncertainty in reconstructions.  Although, based 
on data reported here, it would be ideal to replicate all 
18
O measurements using two to four 
shells, it is unlikely that this is feasible due to cost, material, and time constraints.  However, 
periodic replication throughout a time-series where availability of material suitable for sampling 
allows may prove adequate.  While each individual geochemical proxy archive offers its own 
particular challenges and potential sources of variability, we believe this study applies to other 
molluscan taxa and schlerochronological archives in addition to A. islandica, especially where 
high-quality age control is available. This study highlights the need to account for sources of 
variability common across different archives, in particular large seasonal variability in seawater 
temperatures resulting in geochemically heterogenous material.  Analytical uncertainties, transfer 
function uncertainty, and natural variability within a proxy archive as noted in this study should 
all be considered when reporting error estimates.   
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O values for shell sample splits (A) and replicates (B).  Differences 
between pairs of split 1 and split 2 (A; intra-sample) measurements for 36 GoM_C individuals are shown in gray 
and for three NOR individuals are shown in dark blue (_NOR1), medium blue (_NOR2), and light blue (_NOR3).  
Differences between pairs of block A and block B (i.e., intra-shell) measurements for three GoM_JP individuals are 
shown in dark purple (_JP1), medium purple (_JP2), and light purple (_JP3) and for three NOR individuals are 
shown in light blue (_NOR3), medium blue (NOR2), and dark blue (_NOR1).  One (*) intra-shell 
18
Ocarbonate 





O.  Median and mean differences are denoted by the bold horizontal black bar and red square, 
respectively.  Analytical uncertainty 2 and 4 estimates are denoted by the solid grey and dashed grey lines, 
respectively.  Points above the 4 line represent the rare case when ±2 error bars on the pair of sample replicates 
do not overlap. 
Figure 2.  Results from intra- and inter-shell isotope replication from the GoM_JP (left) and NOR (right) shells over 
the commonly sampled period for each population.  Three individuals (row panels in A) were sampled across two 
transects (pairs of like colors) for carbon and oxygen isotope ratio (column panels left and right in A, respectively).  
Error bars on points in (A) represent analytical uncertainty associated with the instrumental run (batch) in which 
each sample was analyzed (note: carbon error bars are approximately same size as plot symbols).  The black lines in 
(A) represent the associated population’s mean measurement across the six total transects.  Residuals from the mean 
for each transect are shown in (B).  Boxplots of residuals in with median (mean) differences denoted by the bold 
horizontal black bar (red square), are shown in (C).  Analytical uncertainty 2 and 4 estimates are denoted by the 
solid grey and dashed grey lines, respectively.  Points above the 4 line represent the rare case when ±2 error bars 
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Figure 3.  
18
O record from A. islandica shells of northern Norway from Mette et al. (2016).  Dark grey area 
represents original reported error as that of analytical uncertainty (±0.20 ‰; long-term analytical precision).  Light 
grey area represents larger estimate of error (±0.32 ‰) based on the estimate of natural variability within the archive 
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